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Simultaneous co-existence of room-temperature(T) ferromagnetism and ferroelectricity in Fe
doped BaTiO3 (BTO) is intriguing, as such Fe doping into tetragonal BTO, a room-T ferroelec-
tric (FE), results in the stabilization of its hexagonal polymorph which is FE only below ∼80K.
Here, we investigate its origin and show that Fe-doped BTO has a mixed-phase room-temperature
multiferroicity, where the ferromagnetism comes from the majority hexagonal phase and a minor-
ity tetragonal phase gives rise to the observed weak ferroelectricity. In order to achieve majority
tetragonal phase (responsible for room-T ferroelectricity) in Fe-doped BTO, we investigate the
role of different parameters which primarily control the PE hexagonal phase stability over the FE
tetragonal one and identify three major factors namely, the effect of ionic size, Jahn-Teller (J-T)
distortions and oxygen vacancies (OVs), to be primarily responsible. The effect of ionic size which
can be qualitatively represented using the Goldschmidt’s tolerance (GT) factor seems to be the
major dictating factor for the hexagonal phase stability. The understanding of these factors not
only enables us to control them but also, achieve suitable co-doped BTO compound with enhanced
room-T multiferroic properties.
The realization of room-T multiferroic materials which
are simultaneously FM and FE is extremely important
due to their potential applicability in logic and informa-
tion storage devices. However, it is extremely challeng-
ing to achieve so and there exists very few such exam-
ples [1–3]. Interestingly, it has been found that Fe doped
BTO (BTFO) exhibits the coexistence of room-T ferro-
magnetism and ferroelectricity [4, 5]. However, such Fe
doping into BTO actually transforms the FE tetragonal
BTO (t-BTO) into its hexagonal polymorph (h-BTO)
and were found to possess very reduced room-T ferro-
electric polarization [5, 6]. The major issue is, thus, to
recover back the FE tetragonal phase in Fe doped BTO.
In this regard, it is important to identify the key con-
trolling parameters that facilitate the hexagonal phase
formation, such that hexagonal to tetragonal structural
phase tuning becomes possible.
The magnetic ground state of BTFO which is FM at
room-T, remains contentious [6, 7], as both paramag-
netism and ferromagnetism have been proposed to exist
at low temperature. Interestingly, a recent experimental
result suggests a high-T FM to low-T paramagnetic (PM)
phase transition in BTFO [7]. Like magnetism, the ori-
gin of room-T ferroelectric polarization of BTFO is also
intriguing, since undoped h-BTO is paraelectric (PE)
at room-T [8]. Also, both simultaneous ferromagnetic-
paraelectric [6] and ferromagnetic-ferroelectric [4, 5] be-
haviors have been observed in BTFO, thus raising the
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FIG. 1. Schematic representations of room-T mixed phase
multiferroicity in BTFO, where majority hexagonal, which
can be controlled by tuning either GT factor, J-T distortion of
dopant ion or OVs content, contributes to the ferromagnetism
(M↑) and the minority tetragonal phase gives rise to the room-
T ferroelectricity (P↑) which is controlled by Ti off-centric
distortions.
question on the origin of the observed ferroelectricity
and its reproducibility. Although undoped h-BTO is PE
above ∼ 80K, it is interesting to note that ferroelectric
instability can also be triggered at room-T due to pseudo-
Jahn Teller effect (PJTE) of the doped Fe3+ (d5) ions in
the hexagonal BTFO, as recently shown in LaFeO3 [9].
Therefore, it is very critical to understand the origin of
ferroelectricity and magnetic state such that the tuning
of its room-T multiferroic properties becomes feasible.
With these goals in mind, we examine high quality
polycrystalline BTO and various Ba1−xAxTi0.9Fe0.1O3
compounds. Here, in this paper, we show that BTFO
is actually a mixed phase room-T multiferroic, where a
majority hexagonal phase is FM and a minority tetrago-
nal phase gives rise to the observed weak ferroelectricity
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2(see Fig.1). Subsequently, we show that along with J-T
distortions and OVs, the contribution of GT factor on
the hexagonal phase stabilization is extremely important
and by manipulating these parameters, we are able to
enhance the room-T multiferroicity.
All samples are prepared in phase-pure polycrystalline
form via solid state reactions. First, we have used high
purity ( ∼ 99.99% ) individual oxide elements (BaCO3,
SrCO3, CaCO3, TiO2, Bi2O3, and Fe2O3) in stoichio-
metric amounts and then throughly mixed using an
agate mortar and a pestle. The properly ground mix-
ture is first annealed at 10500C for 12 hour and then
at 12500C for 12 hour with intermediate grinding and
pelletization in a high temperature box furnace to get
the final product. Room-T powder XRD and Raman
spectroscopic measurements are carried out using Cu-
Kα source and a 514 nm line of Ar+ laser as an ex-
citation source, respectively. The adopted nomencla-
tures for the Ba1−xAxTi0.9Fe0.1O3 samples are BTFO
(x=0.00), BTFO Q (a part of BTFO sample which is
quenched from 12500C into liquid N2), BB05TFO (A=Bi
and x=0.05), BB10TFO (A=Bi and x=0.10), BS05TFO
(A=Sr and x=0.05), and BC05TFO (A=Ca and x=0.05).
The ferroelectric PUND (Positive-Up-Negative-Down)
measurements [10] are conducted in Radiant PE loop
tracer and the dc magnetization measurements are car-
ried out using a Quantum Design SQUID magnetome-
ter. X-ray Photoelectron Spectroscopy (XPS) studies
were carried out using an in-house PHI 5000 Versaprobe-
II spectrometer and X-ray Absorption Near Edge Spec-
troscopy (XANES) investigations are performed at P-
65 beamline in PETRA-III synchrotron source, DESY,
Hamburg, Germany.
The room-T powder XRD pattern of BTFO, shown in
Fig.7, nicely matches to that of BTO hexagonal poly-
morph with the space group P63/mmc [11]. Though,
h-BTO is PE at room-T [8], surprisingly, we find some
finite FE polarization in hexagonal BTFO, as shown in
Fig.2(a). Importantly, the detailed XRD spectrum of
BTFO exhibits a small, but broad shoulder just after
the hexagonal (110) peak, which can be accounted for by
considering an additional t-BTO phase (shown in the in-
set to Fig.2(b)). The corresponding Rietveld refinement,
taking mixed hexagonal and tetragonal phases, shown
in Fig.2(b) also displays that the broad-shoulder gets
nicely fitted with the tetragonal phase. Raman spec-
troscopy on BTFO supports this observation of mixed-
phase even further, where clear signature of tetragonal
Raman modes A1(TO3) and A1(LO3) (shown by star
marks) [12], along with the majority hexagonal A1g mode
[13] are observed, as shown in Fig.2(c). These obser-
vations, thus clearly indicate that BTFO is actually a
mixed phase compound in which majority is hexagonal
( 98.8%, obtained from Rietveld refinement) and the rest
is weak tetragonal. Further, we employ pyroelectric mea-
surement which is very sensitive to ferroelectric phase
transition. Fig.2(d) clearly shows a phase transition at
∼ 218K for BTFO. As BTFO has both hexagonal and
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FIG. 2. (Color online) (a) Comparison of room-T P-E loops
of BTFO and BTFO Q, (b) signature of tetragonal phase
from both raw XRD pattern and Rietveld refinement, (c)
Room-T Raman spectra of BTFO, BTFO Q and pure BTO,
and (d) Temperature-dependence of pyroelectric-current for
BTFO which shows FE-tetragonal (T) to FE-orthorhombic
(O) phase transition at ∼218K.
tetragonal phases and hexagonal phase being ferroelec-
tric only below ∼ 80K, such transition in pyrocurrent
is an indication of a ferroelectric phase transition in the
minority tetragonal phase from Ti off-centric displace-
ments [14]. For such a scenario, tuning of the tetrago-
nal phase fraction should also lead to changes in the ob-
served room-T FE polarization value. BTFO Q, which
expectedly contains more OVs than BTFO, as engineered
through quenching in liquid N2 during synthesis [15], is
found to contain a lower tetragonal phase fraction, as
clearly seen through the weaker tetragonal Raman peaks
in Fig.2(c). Following the above conjecture, BTFO Q in-
deed possesses a lower room-T polarization value when
compared to BTFO, as shown in Fig.2(a). Room temper-
ature ferroelectric PUND measurements were performed
to determine the intrinsic switchable remanant ferroelec-
tric polarization values of these samples. Fig.3(a) dis-
plays room-T PUND data of BTFO, where applied volt-
age pulses are schematically shown. We indeed see the
presence and switching of remanent polarization (dPr)
for both BTFO and BTFO Q as shown in Fig.3(b). The
PUND data clearly show a smaller remanent polariza-
tion value for BTFO Q in comparison to BTFO (similar
trend as observed in Fig.2(a)), which can be expected
only if the ferroelectric polarization originates from the
tetragonal phase. Now, to understand the presence of
oxygen vacancies, we have carried out room temperature
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FIG. 3. (Color online) (a) Room-T PUND data (red line)
of BTFO, where the applied voltage pulses (green ones) are
schematically shown, (b) variation and switching of the room-
T remanent polarization of BTFO and BTFO Q as obtained
from PUND measurement, (c) shows corresponding room-T
O-1s XPS spectra and (d) shows their room-T C-1s XPS spec-
tra.
XPS measurements. It is well known that the higher
binding-energy (BE) shoulder of O1s peak arises from de-
fect sites, like OVs and adsorbed hydrocarbons [16]. The
presence of identical weightages of C1s spectra for both
BTFO and BTFO Q, as seen in the Fig.3(d), show the
presence of similar amounts of adsorbed hydrocarbons
on the surface of these samples. However, the higher BE
shoulder of O1s peak for BTFO Q has significantly larger
intensity as compared to BTFO, as shown in Fig.3(c),
thereby, clearly bringing out the presence of more OVs
in BTFO Q sample [16, 17]. This is also supported by the
movement of O1s peak to higher BE in BTFO Q as com-
pared to BTFO (see Fig.3(c)) [18]. Interestingly, while
stoichiometric BTFO should contain only nominal Fe4+
(the ground state in this case is primarily a mixture of
d4 and d5L states with L representing an O 2p hole [19])
ions, presence of OVs is correlated with the conversion
of some nominal Fe4+ ions into Fe3+ state due to charge
neutrality [11, 20]. Thus, the presence of smaller room-T
FE polarization value in BTFO Q, which contains more
Fe3+ ion content than BTFO, also rules out PJTE as the
mechanism for the observed FE polarization of BTFO.
To understand the magnetic ground state, we have
performed isothermal M-H measurements from room-T
down to 10K, as shown in Fig.4(a). At room-T, there
is a clear ferromagnetic M-H loop for BTFO, which is
understood to arise from ferromagnetic exchange inter-
actions in the hexagonal phase [6, 21]. At 10K, the M-H
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FIG. 4. (Color online) (a) Isothermal M-H loops of BTFO
and (b) variation of M with T. Inset to (b) shows the heat
capacity vs. T plot, both in absence and presence of magnetic
field of 5T. (c) Decomposition of room-T M-H plot into PM
and FM parts and (d) displays the linear behavior of the PM
inverse susceptibility with T. Inset to (d) shows the existence
of ferromagnetic loops at all temperatures.
loop, however, looks like a Brillouin function, as expected
for PM order, as shown in Fig.4(a). Such a behavior has
previously been attributed to a room-T FM to low-T
PM phase transition for BTFO [7], which is quite un-
usual, and, thus, we investigated it further. On carefully
analyzing the 10K M-H loop near low-field region, we
do find existence of a clear hysteresis loop, also suggest-
ing the presence of FM order at low-T. Also, although
a clear M-H hysteresis loop is observed at 300K, unlike
a ferromagnet, it does not saturate and continues to rise
linearly in the high field region. Further, no clear FM to
low-T PM phase transition is observed in M vs. T plot,
as shown in Fig.4(b) or even in dM/dT vs.T plot. The
absence of any magnetic transition is also supported by
the heat capacity data, which do not show any signifi-
cant changes in presence of magnetic field (H=5T) (as
shown in the inset to Fig.4(b)), thereby, suggesting that
the transitions observed in the intermediate temperature
window are of structural origin. The structural origin
of the heat-capacity anomalies are also evident from the
temperature-dependent dielectric constant data (Fig.8).
A structural transition can indeed be expected from the
high-T hexagonal to low-T orthorhombic phase around
similar temperature [6]. It is also important to note that
often such dilute magnetic semiconductor (DMS) systems
are associated with both PM and FM signals [6, 22], as
seems to be the case for BTFO. We, thus, fit the high
field magnetization data at 300K with a linear equation
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FIG. 5. (Color online) (a) Room-T XRD spectra (only h-
BTO reference XRD is taken from ICSD database) of the
samples. (b) Variation of hexagonal volume phase fraction
and Goldschmidt’s tolerance factor. (c) Room-T Fe K-edge
XANES spectra of BTFO, BB05TFO and BB10TFO. The
top and bottom insets show the evolution of main edge and
pre-edge regions with doping. (d) Quantification of nominal
Fe4+ to Fe3+ ratio, through background (BG) subtraction
(top inset) and deconvolution of the pre-edge region into Fe3+
and nominal Fe4+ contributions (bottom inset).
and the obtained slope gives us the estimate of the PM
contribution (M=χH). On performing similar analyses at
all temperatures, we find the expected linear (1/χ -T) de-
pendence of the extracted PM contributions, as shown in
Fig.4(d). Simultaneously, the presence of clear M-H loops
(obtained by subtracting the PM linear contribution) at
all temperatures from 300K down to 10K, suggest that
FM order exists down to the lowest-T. Thus, our data
clearly suggest co-existence of both FM and PM regions
in BTFO at all temperatures.
We have, thus, elucidated that mixed phase multifer-
roicity exists in Fe doped BTO, with weak ferroelectric-
ity arising from the minority tetragonal phase. To en-
hance ferroelectricity in doped BTO, it is important to
investigate the role of different parameters that play cru-
cial part in the hexagonal phase stability in BTFO. For
this purpose, we examine BTFO, BTFO Q, BB05TFO,
BS05TFO and BC05TFO samples, whose room-T XRDs
and variation of hexagonal volume phase fraction are
shown in Fig.5(a) and (b) respectively. As discussed
earlier, we find that the hexagonality gets slightly en-
hanced in BTFO Q (99.3%) compared to BTFO (98.8%)
due to presence of more OVs (corresponding hexagonal-
phase percentages are given within brackets). On the
contrary, incorporation of trivalent Bi (18.6%), divalent
Sr (24.6%) and Ca (23.2%) at Ba site of BTFO strongly
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Variation and switching of the room-T remanent polarization
as obtained from PUND measurements and (d) variation of
room-T tetragonality and tetragonal volume fraction as ob-
tained from Rietveld refinements.
affect the hexagonal phase fraction. Along with OVs,
the substitution of Bi3+ for Ba2+, is expected to lower
the nominal Fe4+ content. The enhanced reduction of
hexagonality in BB05TFO compared to BTFO, thus, is
possibly due to the reduction of both OVs and J-T ac-
tive nominal Fe4+ ions due to Bi doping. Surprisingly,
though, Sr2+ or Ca2+ ion substitution for Ba2+ neither
compensates OVs nor the J-T active nominal Fe4+ ion
content of BTFO, there is a strong suppression of the
hexagonal phase fraction in BS05TFO and BC05TFO
samples as compared to BTFO. To understand the ori-
gin of such reduction, we investigate the effect of ionic
sizes on the GT factor, which provides an effective way
of investigating phase stabilities of perovskite oxides [23].
Since the ionic sizes depend on the ion-valency, we have
carried out XANES measurements to investigate the Fe-
ion valency. Ti was found to remain in 4+ state in all
these samples, as seen by our XPS studies (see Fig.9).
The normalized Fe K-edge XANES spectra of BTFO,
BB05TFO and BB10TFO are shown in Fig.5(c). We can
subdivide the spectra into two regions, the pre-edge re-
gion (A: 1s → 3d excitation) and the main edge region
(B: 1s → 4p excitation) [24]. Here, features A and B
are observed to shift towards lower energy with increas-
ing Bi(+3) doping, which is expected if the oxidation
state of Fe steadily decreases from nominal Fe4+ to Fe3+
[25]. For BB10TFO with equal amount of Bi3+ and Fe
doping, Fe is expected to be in the Fe3+ state. Hence,
these XANES observations indicate the presence of nom-
inal Fe4+ to some extent in BTFO, which gets decreased
5in amount with Bi doping. To quantify nominal Fe4+
to Fe3+ ratio, we investigate the pre-edge peak region
[25]. The tentative amounts of nominal Fe4+ in these
samples, as calculated from background subtraction and
subsequent deconvolution of pre-edge peak into Fe3+ and
nominal Fe4+ contributions are shown in Fig.5(d). From
this calibration, now, we calculate GT factor for all sam-
ples, as shown in Fig.5(b). We find that the stability
of hexagonal phase has a direct correspondence with the
GT factor. The sharp reduction of hexagonality in the
case of BS05TFO and BC05TFO, strongly suggests that
the GT factor or the ionic size effect play a dictating role
behind the hexagonal phase stability.
Finally, for the study of multiferroic properties, we
have carried out room-T M-H measurements on BTFO,
BS05TFO and BB05TFO. The saturated magnetization
(MS) of the extracted FM part for these samples are
shown in Fig.6(a). The change in MS closely reflects the
change in the respective hexagonal volume phase frac-
tion, as seen in Fig.6(b). We have studied the intrinsic
FE properties of these samples employing PUND tech-
nique. Fig.6(c) shows the variation as well as switch-
ing of remanent polarization (dPr) for all compounds.
Here, we see that BB05TFO has ∼ 60 times more po-
larization value than BTFO, which is maximum among
all these compounds. Comparing Fig.6(c) and (d), the
change of dPr is seen to be dependent on both the room-
T tetragonality (c/a) and tetragonal volume fractions.
Thus, the understanding of the controlling parameters
for the hexagonal phase stability enables us to control-
lably tune the room-T mixed phase multiferroicity.
In summary, we have investigated the room-T multi-
ferroicity in Fe doped BTO and have shown that it is
of mixed phase origin, where the ferromagnetism is as-
sociated with the majority hexagonal phase and ferro-
electricity to the minority tetragonal phase. We have
also elucidated that FM and PM phases co-exist at all
temperatures in BTFO. By examining various co-doped
BTO compounds, we show that compared to J-T distor-
tions and OVs, the GT factor or the ionic size effect has
more decisive role on the stabilization of PE hexagonal
phase over the FE tetragonal one. By controlling these
parameters, we successfully achieve tuning of the room-T
mixed phase multiferroicity in engineered co-doped BTO
compounds.
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FIG. 7. Room temperature XRD spectrum of BaTi0.9Fe0.1O3 (BTFO) along with standard hexagonal BaTiO3 which is taken
from ICSD database.
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FIG. 8. (a) and (b) show dielectric anomalies in BTFO around the similar temperature regions as those observed in heat
capacity measurements (inset to Fig.4(b)), which are indicative to structural transitions.
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FIG. 9. Room temperature Ti 2p core level XPS spectra of BTFO (BaTi0.9Fe0.1O3), BB05TFO (Ba0.95Bi0.05Ti0.9Fe0.1O3),
BSTFO (Ba0.95Sr0.05Ti0.9Fe0.1O3) and BTO (BaTiO3). All these compounds have same spin-orbit splitting of 5.7eV between
Ti 2p3/2 and 2p1/2 peaks, which is expected for a compound with Ti
4+ species. Also, all these compounds show weak satellite
features, ∼13 eV away from the Ti 2p3/2 peak, which is also a characteristic of the Ti4+ state
